The twin-arginine translocation (Tat) system operates in the chloroplast thylakoid and the plasma membranes of a wide range of bacteria. It recognizes substrates bearing cleavable signal peptides in which a twin-arginine motif almost invariably plays a key role in recognition by the translocation machinery. These signal peptides are surprisingly similar to those used to specify transport by Sec-type systems, but the Tat pathway differs in fundamental respects from Sec-type and other protein translocases. Its key attribute is its ability to translocate large, fully folded (even oligomeric) proteins across tightly sealed membranes. To date, three key tat genes have been characterised and the first details of the Tat system are beginning to emerge. In this article we review the salient features of Tat systems, with an emphasis on the targeting signals involved, the substrate specificities of Tat systems, our current knowledge of Tat complex structures and the known mechanistic features. Although the article is focused primarily on bacterial systems, we incorporate relevant aspects of plant thylakoid Tat work and we discuss how the plant and bacterial systems may differ in some respects. D
Introduction
Protein translocation is a major and essential process in virtually all cells. In eukaryotes, newly synthesised proteins are targeted into a variety of organelles, and a range of protein translocases has been characterised in the endoplasmic reticulum, mitochondrion, chloroplast and peroxisome. Protein transport is also a key process in prokaryotes, which need to transport proteins across the plasma membrane into the periplasm or outer membrane (in Gram-negative bacteria) or into the cell wall or growth medium of archaea and Gram-positive bacteria. The importance of this process can be judged from the fact that Escherichia coli translocates over 250 proteins, and 7% of the Bacillus subtilis proteome is believed to be exported across the plasma membrane [1] . A range of mechanisms have evolved for the export of proteins in bacteria, but many of these are used for specialist purposes and their actual substrate specificities are relatively narrow (these mechanisms are described in detail elsewhere in this volume). Until fairly recently, protein export was thought to be carried out primarily by a single general-purpose pathway: the secretory, or Sec pathway. The characteristics of this pathway are described in detail within this volume, and other reviews have appeared elsewhere [2] .
This article is concerned with an alternative means of protein export, termed the twin-arginine translocation (Tat) pathway. The Tat system recognises substrates bearing a targeting signal in which a twin-arginine motif plays a prominent role (hence the name), and the pathway was first characterised in plant chloroplasts in the early 1990s, when biochemical studies pointed to the existence of two very different mechanisms for the targeting of lumenal proteins across the thylakoid membrane. Now, it is clear that a very similar system operates in prokaryotes and a combination of in vitro thylakoid studies and genetic and biochemical studies in bacteria have led to a reasonably detailed appreciation of this pathway. The aim of this article is to review the properties and mechanism of this truly remarkable translocation system, drawing on data from both the thylakoidal and bacterial fields, and to compare its properties with those of other protein translocases, notably the Sec system. The thylakoid and bacterial Tat systems have also been reviewed separately in previous articles [3 -6] .
tat genes and mutant phenotypes
The first tat gene to be characterised was the maize hcf106 gene, following the characterisation of a mutant line [7, 8] defective in the targeting of a subset of thylakoid lumen proteins. By this time (1997), it was well established that proteins were transported across the thylakoid membrane by two distinct pathways, one of which was related to bacterial Sec-type systems. The discovery of a chloroplastic Sec pathway was not unexpected given that these organelles evolved from endosymbiotic cyanobacteria, but the sequencing of the hcf106 gene [8] provided the first structural information on the Sec-independent pathway used to transport other thylakoid lumen proteins. As expected, this gene was found to encode a novel component of the thylakoid protein transport apparatus. Most significantly, however, the hcf106 gene was also found to be homologous to many open reading frames in bacterial genomes-the first concrete indication of a mainstream, Sec-independent bacterial protein export system. The first bacterial tat mutants were isolated in 1998 [9 -11] and this field is thus in its infancy when compared with most of the other protein transport systems.
Most of the bacterial Tat studies have focused on the E. coli system following the initial isolation of mutants in this organism, and these studies have shown that the key Tat components are encoded by the tatABC operon. tatA and tatB encode small proteins of 9.6 and 18.4 kDa, respectively, each of which contains a single transmembrane (TM) span [10, 12, 13] . TatC is a 28.9-kDa protein that was originally predicted to contain 6 TM spans [11] , but more recent data from reporter gene fusions suggest the presence of four spans [14] . Deletion of either tatB or tatC leads to a complete loss of Tat-dependent protein export [10, 11] whereas the DtatA mutant can support a minimal level of export activity. This is due to the presence of an unlinked, fourth tat gene in E. coli, tatE, which encodes a TatA paralogue that is expressed at very low levels. Disruption of both tatA and tatE blocks export by the Tat pathway, but overexpression of tatE complements the DtatA mutant [10, 15] , confirming a similar basic function. However, the evolutionary rationale for maintaining both genes in E. coli is unclear since the TatE protein is expressed at such very low levels, and many Gram-negative bacteria possess only one tatA-type gene [16] . TatB is also homologous to TatA (and TatE) but, because the DtatA and DtatB phenotypes are so different, it is clear that they carry out distinct functions [15] . The organisation of the E. coli tat genes and the encoded proteins is illustrated in Fig. 1 . Note that the tat operon encodes a fourth gene, designated tatD, but studies have shown this gene to encode a soluble protein with DNase activity that plays no apparent role in Tat-dependent translocation [17] .
As with E. coli, three important tat genes are found in higher plants, and sequence analyses, together with studies on the translocation apparatus (see below), strongly suggest that the counterparts to the E. coli tatABC genes are tha4, hcf106 and cptatC [8, 18, 19] . The same three genes are furthermore found in most Gram-negative organisms [16] , but the situation is different in Gram-positive bacteria and archaea. Most of these appear to contain only TatA-like and TatC proteins, although it has to be noted that the distinction between TatA and TatB-like proteins is not always easily made. Most Gram-positives and archaea contain two or even three TatA-like proteins (e.g. the bacterium B. subtilis and the archaeon Sulfolobus solfataricus), but a number of others contain only one TatA homologue (e.g. the archaeon Halobacterium sp. NRC-1). In B. subtilis, it has been demonstrated that the export of the phosphodiesterase PhoD depends on only two Tat proteins, namely TatAd and TatCd [20, 21] , showing that a minimal Tat complex comprises TatA and TatC. This indicates that either TatA fulfils a dual TatA/TatB function in some organisms, or that TatB has a distinct function in Gram-negative bacteria that is not required in Gram-positive bacteria and archaea. The organisation of the tat genes in E. coli, B. subtilis, and Halobacterium sp. NRC-1 is also shown in Fig. 1 .
A number of organisms lack a Tat system altogether. In general, this seems to be related to a small genome size [16] . However, there are several exceptions to this, such as Fig. 1 . tat genes in prokaryotes. Chromosomal organisation of tat genes in E. coli (A), B. subtilis (B), and Halobacterium sp. NRC-1. tatA-like genes are indicated in blue, tatB in green, and tatC-like genes in red. Notably, the genes encoding B. subtilis TatAd and TatCd are in the same operon as the gene encoding the substrate (PhoD) for these two Tat proteins. The tatC2 gene of Halobacterium sp. NRC-1 is much larger than other tatC genes, as it seems to encode a natural fusion of two TatC-like domains [26] .
Fusobacterium nucleatum (genome size 4.33 Mb), and Lactococcus lactis (genome size 2.37 Mb), both of which lack a Tat system [22] . The main source of energy of these organisms is fermentation, and, as suggested before, the presence of a Tat-system may therefore relate to a presence of extracellular redox proteins [16] . The lack of a Tat system is not necessarily related to an intracellular lifestyle. For example, the obligatorily intracellular Rickettsia prowazekii contains one TatA and one TatC homologue, which are predicted to export only one substrate [22] .
Substrate specificity of the Tat pathway
While disruption of tatAE, tatB or tatC leads to a complete block in Tat-dependent export, these mutations are not lethal and the primary phenotype is an inability to grow using a variety of anaerobic respiration pathways [9 -11] . This indicates that the Tat pathway is not used for the export of any essential periplasmic or outer membrane proteins (in contrast, the Sec pathway is essential for growth under all conditions). However, tat À cells exhibit other defects, such as a filamentation phenotype caused by an inability to complete septation, and an increased susceptibility towards lysis [23] .
Comprehensive studies on the substrate specificity of this pathway in E. coli have shown its involvement in the export of proteins bearing any of a range of redox cofactors, including FeS, NiFe and molybdopterin centres [9, 10, 24, 25] . This reflects the raison d'Ê tre of the Tat system: the translocation of folded proteins (see later in this article). The Tat system, however, is not only dedicated to the export of cofactor-containing proteins. An interesting example of this is the export of proteins in the halophilic archaeon Halobacterium sp. NRC-1. Surveys of the genome of this organism [26, 27] have revealed that the majority of its secretory proteins use the Tat system, which is in complete contrast to non-halophilic organisms in which the Sec system is usually the main route for export. The proteins predicted to be exported via the Tat system in Halobacterium sp. NRC-1 include several that do not bind cofactors, and which have homologues in non-halophilic organisms that are Sec-dependent. It has been suggested that the reason for the extensive use of the Tat pathway in haloarchaea lies in the very high cytoplasmic salt concentration (4 -5 M) in these organisms [26, 27] . In these conditions, newly synthesised proteins have to fold very rapidly to prevent aggregation, therefore necessitating export via the Tat-system.
The actual number of substrates exported by the Tat system varies greatly. It has been estimated that in chloroplasts approximately 50% of thylakoid lumen proteins depend on the Tat system [28, 29] . In prokaryotes, the number of predicted substrates varies between 1 and 145 [22] . There is no correlation between the number of Tat substrates and the number of Tat components [22] .
Targeting signals for the Tat system
The Tat pathway derives its name from a critical twinarginine motif that is present in most of the known Tatspecific targeting signals. Studies on chloroplasts showed some time ago that almost all substrates for the thylakoidal Tat system bear cleavable N-terminal signal peptides that contain three distinct domains: an N-terminal charged domain, hydrophobic core domain and a more polar C-terminal domain ending with a consensus motif (Ala-X-Ala) specifying cleavage by the thylakoidal signal peptidase. With the exception of two highly atypical substrates (a single membrane protein and the Rieske FeS protein [30, 31] ), thylakoidal Tat signals contain an invariant twin-arginine motif just prior to (i.e. on the N-terminal side of) the hydrophobic domain. In one mutagenesis study, replacement of either arginine, even by lysine, led to a complete block in Tat dependent translocation; the substrate was correctly imported into isolated chloroplasts in vitro but then remained solely in the stromal space [32] . Further studies on the same lumenal protein precursor showed that this is not the only important determinant; the presence of a highly hydrophobic residue at the + 2 or + 3 positions, relative to the second arginine residue, was found to be almost equally important [33] . Hence, the consensus sequence for thylakoid Tat signals is RRXXf, with RRXfX appearing to be as acceptable although slightly rarer (see Fig. 2 ). In this nomenclature, f is typically leucine, phenylalanine, valine or methionine, and X can be any amino acid.
Another typical feature of thylakoid Tat signals is the presence of basic residues in the C-terminal domain. Such residues are rarely found in Sec-type signals but are present in the vast majority of thylakoid Tat signals. The C-terminal basic residue in one thylakoid Tat signal was shown to render the signal less acceptable to the Sec pathway and the term 'Sec-avoidance signal' was coined [34] . However, it has not been determined whether this is the primary role of C-terminal basic residues in other lumenal targeting signals (or in bacteria).
Prokaryotic Tat signals have also been studied intensively, and representative Tat signals from E. coli, Halobacterium, and Synechocystis are shown in Fig. 2 , together with several from plant thylakoids. Several notes of caution should be made. First, note that the Synechocystis signal peptides are from known periplasmic proteins [35] but none have been experimentally confirmed as being authentic Tat signals; the Halobacterium signals have not been experimentally analysed at all. Second, much of the available information has been gleaned from bioinformatic searches of genomic sequences, and relatively few substrates have been directly identified as being strictly Tat-dependent. The search algorithms appear to identify Tat signals from plants and Gram-negative bacteria with a high degree of accuracy, but further verification would nevertheless be valuable. The Gram-positive B. subtilis is a case in point: bioinformatic searches identified numerous exported proteins that bear signal peptides with twin-arginine motifs, but only two proteins (so far) were found to be secreted in a strictly Tatdependent manner and several of the other potential Tat substrates are apparently Sec substrates [36] .
Sequence analysis of a large range of bacterial redox cofactor-containing proteins resulted in a consensus sequence of S/TRRXFLK [25] . The + 2 Phe and + 4 Lys (relative to the RR motif) are not invariant but are nevertheless found in a high percentage of Tat signals in Gramnegative bacteria. As Fig. 2 shows, the + 2 Phe is also found in a number of Halobacterium signals, as is the + 3 Leu. One different feature is the prevalence of both Lys and Arg at the + 4 position. It has to be noted, however, that Halobacterium sp. NRC-1 has a very strong preference for Arg over Lys in its entire proteome [26] . Tat signals in other archaea and bacteria rarely have Arg at the + 4 position. Another more notable difference is the absence of basic residues in the Cdomains of archaeal signals.
Comparisons of the Tat signals from chloroplasts and Synechocystis reveal some interesting traits, considering that chloroplasts evolved from endosymbiotic cyanobacterial-type organisms. Several of the apparent Synechocystis Tat signals also contain the + 2 Phe and + 3 Leu that are so common in E. coli and other bacterial Tat signals, although the low sample number precludes any real statistical analysis. The prevalence of the + 4 Lys remains to be properly assessed since this feature is found in only one signal, with Arg present at the + 4 site in another. However, basic residues are present in most of the C-domains, and these signals thus resemble those of other bacteria in most respects.
Plant Tat signals are notably different. While the RR motif is essentially invariant and the C-terminal basic residues are very common, there is no tendency for Phe to occur at the + 2 position and the presence of a + 4 Lys is very rare indeed. These signals thus appear to have evolved during the transition from endosymbiotic organism to semi-autonomous organelle, possibly reflecting the more involved targeting pathway since these proteins are all imported into the chloroplast before being targeted across the thylakoid membrane. However, despite these differences between bacterial and chloroplastic Tat signals, the basic features of the Tat signal appear to be highly conserved. For example, several E. coli Tat signals support very efficient translocation into isolated pea thylakoids, whether or not the + 4 Lys is present [37 -39] .
Mutagenesis of an E. coli Tat signal, that of SufI [40] , showed that the twin-arginine is likewise required for efficient export but substitution of single arginines did not block translocation, and a low but significant rate of transport was observed. Similar observations were made in studies on the export of TorA-GFP [41, 42] . This again differs from the situation in plants where the twin-arginine appears to be rather more critical. Indeed, the TtrB subunit of Salmonella enterica tetrathionate reductase contains only a single Arg residue but this is nevertheless a bona fide Tat substrate, confirming that a twin-arginine motif is not always essential [43] .
The significance of the commonly found + 2 Phe and + 4 Lys has also been probed by mutagenesis [40] . Substitution of the Phe in the SufI signal was found to inhibit the rate of translocation, suggesting an important role and explaining the conservation of this residue among bacterial Tat signals. Presumably, other determinants ensure efficient translocation in those signals lacking the + 2 Phe. However, substitution of the + 4 Lys actually enhanced the rate of translocation, suggesting a possible braking role that may tie in with 'proof-reading' functions in the overall translocation process. This issue is explored in more detail below.
Overall, it seems that Tat-type signals are highly conserved throughout the bacterial and plant kingdoms. Just as E. coli signals are efficiently recognised by plant chloroplasts, the E. coli TorA signal directs Tat-dependent targeting in Synechocystis [44] and several other examples of compatibility have been noted. Moreover, the Tat systems of Salmonella typhimurium and Agrobacterium tumefaciens function perfectly well in E. coli [45] and, while the former organism is in the same g-2 subgroup of proteobacteria as E. coli, A. tumefaciens is a member of the a-2 subgroup which is much more distantly related. Nevertheless, the functional conservation may not extend throughout all Tat-containing organisms. In one study [46] it was found that a Tat signal from Zymomonas mobilis did not function in E. coli, whereas another study [23] showed that the B. subtilis PhoD protein can only be translocated in E. coli in the presence of the B. subtilis Tat components TatAd and TatCd.
The primary sequences of Tat targeting signals are not the only important determinants in vivo. One of the reasons for the late 'emergence' of the bacterial Tat system is the remarkable similarity between Sec-type and Tat-type signal peptides. Put simply, Tat-specific targeting signals were mistakenly counted as Sec signals in the various bioinformatic studies of bacterial export signals carried out over the past two or more decades. The basic threedomain organisation is identical, and some genuine Sec signals do contain twin-arginine prior to the H-domain. It has been known for some time that relatively minor changes can transform a chloroplastic Sec signal into a near-perfect Tat signal, and some of these mutated signal peptides indeed function efficiently as both Sec-and Tattype signals [33, 47] . How, then, is pathway specificity maintained? An important study by Cristobal et al. [48] examined this issue in E. coli using signal peptides fused to a relatively neutral passenger protein. They found that, while a twin-arginine motif was indeed required for Tatdependent export, the hydrophobicity of the H-domain was an important specificity factor. They showed that the average hydrophobicity of Sec signals is higher than that of bacterial Tat signals, and this accounts, at least in part, for the inability of the Sec system to recognise Tat signals. When the hydrophobicity of one signal was artificially increased, a point was reached where the Sec system could indeed export the preprotein.
The important question is whether hydrophobicity is really a critical determinant in the sorting of Sec vs. Tat substrates in vivo-this important study has yet to be followed up in a systematic manner. At present, it seems highly likely that the Sec system ignores or rejects Tat substrates, even when they have a signal with sufficient Sec-like character, because the passenger protein is too tightly folded (see below). On the other hand, some Sec-specific signal peptides do contain twin-arginine motifs, and with such substrates there must be a good chance of mistargeting by the Tat pathway. Indeed, studies on heterologous passenger proteins have clearly indicated that some peptides can direct export by either pathway in E. coli [49, 50] . Furthermore, the ribose-binding protein (RBP) of E. coli, which is a natural Sec substrate with KK motif in its signal peptide, has been shown to be partially exported by the Tat pathway [51] . Thus, some mistargeting can be tolerated as long as the protein finds the correct location, and with many RRcontaining Sec-substrates it may not matter which pathway is used. Presumably, those that specifically require translocation by the Sec pathway (for example, heme proteins that acquire the cofactor while unfolded in the periplasm) have evolved to avoid mistargeting.
Translocation of folded proteins by the Tat pathway
It is now generally accepted that the primary role of the Tat system is to translocate fully folded proteins across tightly sealed bilayers. Given that the membranes involved (bacterial plasma membrane, chloroplast thylakoid membrane and plant mitochondrial membrane) are all energy-transducing, this is a remarkable feat that has prompted considerable interest in the mechanism of this system. However, it is important to scrutinise the evidence on this key issue.
The only direct evidence on the folding state of Tat substrates during translocation comes from studies on thylakoids. In one, Clark and Theg [52] generated a construct in which a chloroplastic Tat signal was linked to bovine pancreatic trypsin inhibitor (BPTI), which was then internally cross-linked to prevent unfolding to any real extent. This construct was found to be imported into isolated chloroplasts and targeted to the thylakoid lumen by the Tat pathway. This study does provide evidence that a folded protein can indeed be translocated by the Tat pathway, but it is notable that the construct was also successfully imported across the chloroplast envelope membranes. The protein import system in the envelope is believed to transport proteins in an obligatorily unfolded state, which makes it surprising that the BPTI construct can be imported into the chloroplast. One possibility is that the small size of BPTI (6.7 kDa) permits translocation, in which case this protein is perhaps too small to be an ideal probe for this type of study.
The other study [53] involved a chimeric construct comprising a Tat-dependent precursor protein linked to dihydrofolate reductase (DHFR), which has the useful property of binding folate analogues such as methotrexate (MTX) with very high affinity. After binding this ligand, DHFR folds very tightly indeed and becomes almost totally resistant to even high concentrations of proteases such as trypsin. In this state, DHFR cannot be imported into mitochondria or transported by the bacterial Sec apparatus [54] , simply because these translocases are unable to unfold the protein (indeed, this technique provided some of the first indications that mitochondria could only import unfolded proteins). In contrast, binding of MTX does not block translocation of DHFR by the Tat pathway in thylakoids [53] . Moreover, it was shown that the lumenal DHFR was at least partially resistant to trypsin, indicating that the MTX was bound in the active site, and it was further shown that these molecules had been transported across the thylakoid membrane with MTX firmly bound to the protein, presumably in the active site. Given that this site is generated from disparate elements of the primary structure, this study provides strong evidence that the DHFR was at least substantially folded when crossing the membrane. Nevertheless, the technique is slightly indirect and further studies on this issue would be valuable in order to really determine the sizes and shapes of proteins as they are transported.
With bacteria, the evidence for transport of folded proteins is slightly more indirect but certainly compelling.
Periplasmic redox proteins containing complex cofactors such as molybdopterin, FeS or NiFe centres are prime Tat substrates in E. coli [9, 10, 24] and several other bacteria, and there is a wealth of evidence that these cofactors can only be inserted, enzymatically, in the bacterial cytoplasm (or in some cases, the chloroplast stroma or mitochondrial matrix). This necessitates substantial, if not complete, folding of the polypeptide chain and, in order to retain the cofactor during export, these proteins must surely be exported in this form. This immediately explains the rationale for preserving this type of translocation system in these organisms-Sec-type systems could not possibly transport folded domains of this magnitude in their present forms. However, although the Tat system is now well known for its role in transporting redox proteins, it should be emphasised at this point that many Tat substrates do not bind cofactors (this applies particularly to chloroplast thylakoids, where the vast majority of Tat substrates fall into this category). This suggests that the Tat system has a second distinct function, namely to transport those proteins that fold too rapidly or tightly for Sec systems to handle.
Other studies have provided strong support for the belief that the Tat system can transport large globular proteins in a folded state. Several studies have involved the use of GFP fusions, partly motivated by the potential usefulness of this protein for imaging studies. However, GFP is also interesting from a mechanistic viewpoint because it appears to be unable to fold correctly in the periplasm when exported by the Sec pathway [55] , for unknown reasons. Attachment of the TorA signal peptide to GFP resulted in targeting of an active protein into the periplasm [56, 57] and, given the results with Sec signal peptide fusions, it is highly likely that the protein was transported in a prefolded, active state. An example of the utility of GFP for this type of study is shown in Fig. 3 , which illustrates the Tat-dependent export of GFP directed by the TorA signal peptide.
Another approach [58] involved the fusion of Tat signal peptides to proteins that normally form disulfide bonds in Fig. 3 . Tat-dependent export of GFP in E. coli. Fluorescence microscopy image illustrating the expression of a chimeric protein, comprising the Tatspecific signal of TMAO reductase (TorA) linked to GFP. This chimera was expressed in wild-type E. coli, where it is transported to the periplasm resulting in a halo of fluorescence. Expression in DtatC cells results in a uniform distribution throughout the cytoplasm. the periplasm after export via the Sec pathway (for instance, alkaline phosphatase). Under normal redox conditions, the passenger proteins were not exported by the Tat pathway, but export of several different disulfide-containing proteins was observed if the cytoplasm was made sufficiently oxidising. The exported proteins were consistently found to be not only active but also correctly disulfide-bonded, and this could only have been achieved in the cytoplasm in this particular study. Hence, this again represents strong evidence for the export of fully folded proteins. Fig. 4 shows a general scheme for protein export by the Tat and Sec pathways in E. coli, in which the salient features of the two pathways are described and compared.
Proof-reading during Tat-dependent export?
It seems now to be generally accepted that protein export by the Tat pathway can involve: (i) folding of the newly synthesised protein after emergence from the ribosome, (ii) acquisition of a complex cofactor (iii), transit to the membrane, and (iv) translocation in a largely, if not completely, folded form. This immediately raises the key question: how does the cell avoid exporting such proteins before the cofactor is incorporated? Given that cofactor insertion may not necessarily take place immediately, the potential clearly exists for proteins to be prematurely exported, and thus some sort of proofreading mechanism would make sense with this type of export pathway. Considering cognate Tat substrates first, there has been speculation that some form of guidance factor may operate to direct substrates to the translocon and perhaps, in doing so, enable cofactor insertion to occur first. Such a guidance factor would need to be able to sense when co-factor insertion/folding had occurred in the cytoplasm, and one such candidate is DmsD. The absence of this protein leads to defects in the biogenesis of DmsA, a periplasmic molybdopterin-containing element of the membrane-bound DMSO reductase enzyme of E. coli [59] that is encoded by the same operon. Moreover, the same study found that the soluble DmsD protein had an affinity for Tat signal peptides, and the authors speculated that this may be a cytoplasmic guidance factor for Tat substrates. Later work, however, showed that the absence of this protein appeared to affect only the biogenesis of DmsA, and the closely related TMAO enzyme (another Tat substrate) was unaffected. Moreover, the DmsA signal peptide was able to function in the export of GFP in the strain lacking DmsD [60] . It therefore appears that DmsD may be a chaperone, or proof-reading activity, that acts specifically to assist in the biogenesis of DMSO reductase. Similar system-specific chaperones may act in other cases, and there is currently no evidence for the operation of more general guidance factors for Tat substrates, although this possibility cannot be ruled out.
A number of heterologous proteins can be transported by the Tat pathway, and these constructs are of interest because dedicated chaperones would not of course exist to assist in their transport by the Tat pathway. The study described above [58] , in which only correctly disulfide-bonded proteins are exported by virtue of attached Tat signal peptides, is an interesting case in point and the interpretation made in this study was that the Tat system somehow recognised when these 'foreign' proteins were correctly folded. It should, however, be emphasised that while these data do indeed raise this fascinating possibility, it is too early to conclude that the Tat system only transports correctly folded proteins. The non-disulfide-bonded proteins presumably have rather different conformations from the fully native proteins and aspects of their structure may somehow prevent translocation. Certainly, some heterologous proteins cannot be efficiently transported by this pathway, for unknown reasons (we have found several chimeric constructs to be export-incompetent, even when relatively small globular proteins are involved; unpublished data).
Other studies in thylakoids have indeed shown that malfolded proteins can be transported by the Tat pathway. Amino acid analogues, for example, were shown to destabilise the tertiary structures of some proteins that were nevertheless transported with high efficiency (although it was not possible to determine the extent to which the three- Fig. 4 . General scheme for the export of proteins by the Sec and Tat pathways in E. coli. The diagram illustrates the general features of Sec-and Tat-dependent protein export in E. coli. The Sec-dependent signal sequence is shown in green, Tat signal sequence in blue. During or shortly after synthesis, Sec substrates are diverted onto the Sec pathway and the protein is bound by soluble components of the Sec pathway, particularly SecB, which maintains the mature protein in an unfolded state. SecA may also be involved in this process and other chaperones may contribute. The substrate next engages the membrane-bound Sec translocon where SecYEG forms the core components of the channel. Note that ancillary proteins, notably SecDFyajC, play important but not essential roles (see Refs. [2, 62] for review). Sections of the substrate are pushed into the channel by successive rounds of ATP-driven conformational changes in the SecA protein; during translocation, the substrate is in a largely unfolded state. With Tat substrates, the protein is allowed to refold and in many cases this is indeed obligatory, for example when cofactors are inserted during or after the folding process. The substrate is then transported through the TatABC translocon in a folded state. The possibility does exist that some 'simple' substrates (lacking cofactors) may be exported in an unfolded state; few substrates have been analysed in detail.
dimensional structure was affected). In another study, a large truncation was made in the DHFR coding region but the protein was nevertheless transported [53] . Hence, it appears that correct folding is not a prerequisite for targeting by the Tat pathway-at least in thylakoids. However, further studies on this issue are clearly important, and this applies particularly to those proteins that bind cofactors. Here, the question is whether the export-competence of each substrate is monitored and governed by a specific chaperone system, or whether a more global monitoring system exists, which could either be an uncharacterised system acting in concert with the known Tat apparatus, or be inherent in the activity of the membrane-bound TatABC components.
Organisation and structures of Tat complexes
Following the initial characterisation of the tatABCE genes and associated mutant phenotypes, the emphasis has shifted towards understanding the structures and roles of the encoded subunits, as well as possible mechanisms of action. E. coli TatABC complexes have been purified after expression of the tatABC operon encoding a Strep II tagged version of TatC [12, 61] and, more recently, similarly tagged S. typhimurium and A. tumefaciens TatABC complexes have been purified after expression of the tatABC operons in E. coli [44] . The three types of complexes are similar in overall terms, and in no case is there any evidence for novel subunits, reinforcing the possibility that the Tat system requires only TatABC. Of course, this can only be confirmed when the TatABC complex has been shown to functional in its purified form, and even then we must bear in mind the possible involvement of additional 'proofreading' systems for some substrates.
The TatABC complexes described above are in the region of 500 -600 kDa in size, and they contain TatB and TatC in a constant 1:1 ratio with TatA present in roughly equal or slightly lower amounts. Given that the total mass of E. coli TatABC is 57 kDa, these data point to the presence of multiple copies of each subunit. The equimolar quantities of TatB and TatC raised the possibility that these subunits act in concert, and this was confirmed when a translational fusion of these subunits was shown to be fully active, complementing mutations in both TatB and TatC [12] . A second important point is that the purified complex contains only a small proportion of the total TatA content, and most of the Tat appears to form a second, homooligomeric complex of about 460 kDa [13] .
Recently, the first single particle electron microscope images of the E. coli, S. typhimurium and A. tumefaciens TatABC complexes have appeared [45] . The data reveal an asymmetric complex with dimensions of up to 10 Â 13 nm, containing several (five to seven) stain-excluding domains that may correspond to TatBC units (or TatABC units) as shown in Fig. 5 . The variation in numbers of domains could reflect a partial dissociation of subunits during the purification process but a more interesting possibility is that the complex is continually assembled and disassembled during its normal course of function. This may tie in with recent cross-linking studies on the thylakoid system (described below).
A different study [62] involved single-particle analysis of complexes that contained only TatA and B. Here, these subunits were shown to form double-ring structures. However, the absence of TatC raises questions because in other studies TatC has been shown to bind firmly to TatB. Possibly, these data reflect the natural structure of TatA homooligomers, and TatB associated accidentally in the absence of available TatC. Alternatively, TatB may be more mobile than some studies have suggested, and capable of binding to either TatA or TatC depending on circumstances.
The thylakoid system appears to be made from basically the same three subunits but it is as yet unclear whether they form identical complexes. Plant Tat complexes have not been purified and the available data come from blue-native gel studies where the complexes are identified using immunoblotting. This work [19] showed Hcf106 and cpTatC to be . It is now clear that TatA and TatB are single-span proteins with short periplasmic N-terminal domains. Both appear to have short amphipathic helical regions on the cytoplasmic side of the membrane although the functional significance of these regions is unclear. TatA contains in addition a small cytoplasmic domain whereas that of TatB is more extensive. TatC was originally predicted to contain six transmembrane spans but reporter gene fusion studies suggest four instead. Because this places large, charged domains in the periplasm (against the positive inside rule), further studies are required to confirm the topology of this subunit. Mutagenesis studies have shown the importance of two charged domains on the cis side of the membrane, together with two essential residues on the periplasmic face, as indicated on the diagram. present in a ca. 700-kDa complex, but no TatA was found in this complex and the suggestion has been made that Tha4 only interacts with these subunits during the actual translocation process (see below). This would seem to differ from the situation in bacteria, where TatA is present in highly purified complexes that are clearly not engaged in translocation. However, it is premature to propose radical differences based solely on these findings, because Tha4 may well be lost from the complex during thylakoid solubilisation and gel electrophoresis.
Mechanistic studies on the Tat system
The Tat subunits are unrelated to any other known proteins, and no other known protein translocases can carry out the transport of such large folded substrates across tightly sealed membranes. The mechanism must therefore be unique in key respects and the challenge now is to elucidate the mechanism in real detail. The central aspects of the translocation process are vague at present, but some important points have emerged in studies on the thylakoid and bacterial systems. Indeed, early studies on thylakoids pointed to a highly unusual mechanism (reviewed in Ref. [63] ) and these data may well apply to the bacterial systems.
Thylakoids import Tat substrates with very high efficiency and import has been shown not to require the presence of stromal extract [64] . This argues against the involvement of soluble factors (in contrast, import by the Sec route is completely dependent on stromal extract because the SecA is present in this fraction). However, it is still remotely possible that soluble factors do operate, since the cell-free translation systems could provide chaperone-type molecules that might assist in translocation, either directly or indirectly. For simple substrates, however (those that do not require cofactors), this is unlikely on the basis of the available evidence. The energetics of the thylakoid system is highly unusual, if not unique. Translocation across the thylakoid membrane of intact chloroplasts (or across isolated thylakoid membranes) is totally reliant on the DpH across the thylakoid membrane [65 -67] , and because of this, the term 'DpH-dependent pathway' was used until recently. Importantly, the system does not require any form of nucleoside triphosphate [66] , unlike all other known protein transport systems. In thylakoids, a substantial DpH is generated as a result of photosynthetic electron transport or, in dark-grown tissue, reverse action of the CF o CF 1 -ATP synthase, and these data raised the possibility that protein influx may be coupled to proton efflux from the lumen.
Careful measurements of the prevailing DpH during import of thylakoid proteins [68] has shown that protein translocation is a costly process, with about 30,000 protons consumed per protein transported. Even more interestingly, it was shown that two differently sized substrates required differing levels of DpH for translocation to occur. This raises the exciting possibility that the system somehow adapts, energetically, to the size and/or shape of substrate, in line with other ideas on the translocation mechanism (see below). More recently, however, the situation has become more confusing. In vivo studies using the green alga Chlamydomonas reinhardtii showed Tat substrates to be imported in the presence of uncouplers [69] , and the authors proposed that the DpH is not in fact required in vivo after all. The possibility was raised that the DpH somehow drives assembly of the system, due to the lack of important factors in vitro rather than driving translocation per se. This study is highly surprising because uncouplers do knock out Tatdependent transport in intact chloroplasts, which have generally been regarded as being essentially the same as in vivo as far as thylakoid protein transport is concerned. Moreover, this would imply that Tat-dependent translocation does not require any source of free energy, which appears unlikely. Nevertheless, this study raises important questions that must be addressed in order to rationalise any discrepancies between the in vitro and in vivo data.
In vitro assays for Tat-dependent import into inverted bacterial inner membrane vesicles have now been developed [70, 71] and initial data show that a proton motive force is required. Future studies should unravel the energetics in detail and the expectation is that the thylakoid and bacterial systems can be compared in detail. This will be important because an understanding of the energetics is important for any genuine understanding of the overall translocation mechanism.
Studies on the individual Tat subunits have shown TatA and TatB to contain single TM spans, as noted earlier in this article, and both subunits are predicted to contain short amphipathic helices on the cytoplasmic side of the membrane. These properties are illustrated in Fig. 6 . Truncation analysis [72] shows that the 'amphipathic' regions are important but their functional significance remains to be defined in any detail and mutations designed to severely affect the amphipathic character of these regions do not block translocation activity [73] . The most conserved regions in TatA and TatB encompass the TM span and an apparent hinge region leading to the predicted amphipathic region. Mutagenesis of these residues leads to a drop in Tat activity [73, 74] but significant activity does remain. In general, these mutagenesis studies have started to pinpoint the essential regions, but the actual roles of the subunits will only be resolved using additional approaches.
Cross-linking approaches have been applied on the thylakoid systems and these have shown that substrates can be cross-linked to Hcf106 and cpTatC in the absence of ongoing translocation [19] . Hcf106 and cpTatC are therefore believed to form the initial binding site. Recent studies on the homologous TatB and TatC subunits have shown that they carry out the same role in bacteria; the SufI precursor was shown to cross-link to both TatB and TatC [75] . Interestingly, cross-linking to TatA was also observed, but only in the presence of a proton motive force, suggesting a progression of the precursor from the TatBC binding site to TatA. Mutagenesis of E. coli TatC has shown that the conserved and essential residues are concentrated on the cis side of the membrane (see Fig. 6 ), suggesting an involvement in the binding process [76, 77] .
Given that the purified TatABC complex contains multiple copies of TatBC, a single complex may therefore contain several substrate binding sites.
The subsequent stages of the transport process are vague, but in thylakoids [78] it has been shown that Tha4 (the apparent TatA homologue) can only be crosslinked to the Hcf106 -cpTatC complex in the presence of a DpH and ongoing protein transport (or signal peptide). These data were consistent with other studies that showed Hcf106 and cpTatC to form a large (ca 700 kDa) complex in blue-native gels, as detailed earlier [19] . The suggestion was made that Hcf106 -cpTatC forms the initial binding site for substrate, which then triggers the recruitment of a separate Tha4 complex to generate the full translocase. These data are similar in some respects to those from bacterial studies, but different in others. Certainly, most of the bacterial TatA is found as a separate complex once membranes are solubilised, but the major difference at present is that some TatA is tightly bound to TatBC when these subunits are purified [12, 45] . It remains to be determined whether these apparent differences reflect real differences in operating mechanism.
So how might the system work? This is the all-important question but we are some way from understanding the mechanism. From the studies described above, the most likely scenario involves the substrate binding to the TatBTatC complex (with TatA also present at this stage in bacteria). This would then trigger the recruitment of a separate TatA complex to form the functional translocation system. One possible mechanism is discussed in outline in Fig. 7 , which is based on original data from many studies [12, 13, 19, 45, 61, 75, 78] and similar in respects to models . Possible mechanism for the Tat system. Substrates for the Tat system are translocated posttranslationally, at least in the characterised cases. The diagram depicts translocation of a substrate comprising a passenger protein with a cleavable Tat signal peptide that forms a partially helical structure in apolar environments. The available data indicate that TatB and TatC form a structural and functional unit that serves as the primary binding site for substrate (step 1: binding). Some TatA is bound to this TatBC core but most is in the form of a separate homooligomeric complex. Binding of the substrate to the TatABC complex is proposed to trigger the recruitment of this TatA complex (step 2; assembly) and this results in formation of the active translocon and translocation of the substrate (step 3). The mechanism at this point is particularly ill defined; the translocation channel may be formed from multiples of TatA or may result from fusion of the two complexes as shown in this figure. Other mechanisms are also conceivable, such as vesicle formation. discussed previously [3, 5, 6, 19] . In this model, a 'simple' Tat substrate would be released into the cytosol and the signal peptide would adopt a partially helical structure once in the vicinity of the membrane. In step 1, the precursor binds to a TatABC complex of approximately 400 -500 kDa, specifically interacting with the TatB and TatC subunits that are shown as multiple units. This triggers recruitment of a separate homooligomeric TatA complex of about the same size to generate the active 'super-complex' (step 2). The supercomplex quickly catalyses the translocation of substrate, possible harnessing the energy of the prevailing protonmotive force (step 3).
How the actual translocation step occurs is particularly mysterious at the present time. In other protein translocases (for example, the TIM machine in mitochondria, or during posttranslational import into the ER), a key factor on the trans side of the membrane binds the incoming signal peptide and provides a pulling force that drives unidirectional translocation (in these systems, the factors are mtHsp70 and Kar2p/Bip, respectively). In the case of the bacterial Sec system, cytoplasmic SecA hydrolyses ATP and provides the critical force, this time as a 'push' rather than a 'pull'. However, there is no evidence that the Tat system uses either cis-or translocated factors that correspond in any way to either of these situations. Hence, the available evidence (though incomplete) suggests that force is applied within the membrane domain, and very possibly within the Tat translocon itself. Conceivably, the assembly of the translocon leads to the formation of a channel that is kept sealed by the bound substrate, and this in turn could lead to the interaction of the signal peptide with binding sites on the trans side of the complex. This in itself could lead to some movement of the substrate through the complex, perhaps aided by simultaneous closure of the pore at the cytosolic side (although the size of some substrates effectively precludes complete enclosure within the membrane domain). Alternatively, the protonmotive force could be harnessed at this point to drive the translocation event, by closing the pore on the cis side or, perhaps more likely, opening a pore on the trans side of the membrane. In either situation, it would seem essential for the pore to operate in a highly flexible manner, able to accommodate substrates of varying sizes with the minimum loss of membrane integrity. For now, these possibilities remain highly speculative and other possibilities can certainly be envisaged. The challenge now is to unravel the mechanism and reach the state where we can have light at the end of this particularly intriguing tunnel.
